Abstract Frozen tissue, a gold standard biospecimen, can yield well preserved nucleic acids and proteins after over a decade but is vulnerable to thawing and has substantial fiscal, spatial, and environmental costs. A long-term room temperature biospecimen storage alternative that preserves broad analytical utility can potentially empower tissuebased research. As there is scant data on the analytical utility of lyophilized brain tumor biospecimens, we evaluated lyophilized (freeze-dried) samples stored for 1 year at room temperature. Lyophilized tumor tissue processed into paraffin sections produced good histology. Yields of extracted DNA, RNA, and protein approximated those of frozen tissue. After 1 year, lyophilized samples yielded high molecular weight DNA that permitted copy number variation analysis, IDH 1 mutation detection, and MGMT promoter methylation PCR. A 27 % decrease in RIN scores over the 1 year suggests that RNA degradation was inhibited though incompletely. Nevertheless, RT-PCR studies on lyophilized tissue performed similarly to frozen tissue. In contrast to FFPE tissues where protein bands were absent or shifted to a lower molecular weight, lyophilized samples showed similar protein bands as frozen tissue on SDS-PAGE analysis. Lyophilized tissue performed similarly to frozen tissue for Western blots and enzyme activity assays. Immunohistochemistry of lyophilized tissue that were processed into FFPE blocks often required longer incubation times for staining than standard FFPE samples but generally provided robust antigen detection. This preliminary study suggests that lyophilization has promise for long-term room temperature storage while permitting varied tests; however, further work is required to better stabilize nucleic acids particularly RNA.
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Introduction
High quality biospecimens with broad analytical utility are critical to modern biomedical research. Frozen tissues stored for years can yield useful nucleic acids and protein [1, 2] . A major drawback is vulnerability to thawing but there are also financial, environmental, labor, and space issues. Freezers costing $6,000-$20,000 use 20-70 kilowatt-hours per day (kWh) and can generate 10,000-35,000 lbs CO 2 annually [3] . Special handling and space demands can be problematic. Liquid nitrogen (LN 2 ) tanks add safety concerns for technicians. In this era of limited resources, there is an imperative for developing room temperature storage approaches that could provide safer, lower cost, and lower maintenance alternatives. The ubiquitous formalin-fixed paraffin embedded (FFPE) specimens have cross-linked nucleic acids and proteins as well as fragmentation of nucleic acids [4] and their quality decreases with time [5] . While newer fixatives may better preserve nucleic acids [4, 6, 7] , they have not gained wide acceptance. Dessicated tissues of Egyptian mummies can retain histologic details and yield protein and DNA after thousands of years [8, 9] . Therefore, dehydration of tissue is one mechanism by which to accomplish room temperature storage. Lyophilization, also known as a freeze-drying, is a two-step dehydration process achieved by manipulating temperatures and pressure. Primary drying involves lowering the pressure and raising the temperature sufficiently to cause sublimation where solid water (ice) converts directly to a gaseous state without transitioning through a liquid phase. In the secondary drying phase, conditions include elevated temperatures to break physicochemical bonds that bind residual water molecules to tissue leaving final tissue water content in the 1-4 % range [10, 11] . Lyophilization is used extensively for preservation of drugs, antibodies, and food. Freeze-dried blood products are being evaluated for transfusion in humans [12] [13] [14] . Lyophilized bacteria, fungi, virus, and hematopoietic stem cells can remain viable [14] [15] [16] . Previous investigations of lyophilized systemic tumors have showed variable RNA preservation along with well-preserved DNA and protein after 1 year [17, 18] . However, we were unable to identify similar studies of brain tumor specimens. In this study, we evaluate whether lyophilized brain tumor specimens stored at room temperature for 1 year can yield analyzable histology, DNA, RNA, and protein.
Materials and methods

Brain tumor biospecimens
Fresh frozen human brain tumor biospecimens were obtained under a protocol approved by the University of California, Los Angeles institutional review board. Fourteen brain tumor specimens including: One meningioma WHO Grade I, two atypical meningiomas WHO Grade II, one oligodendroglioma WHO Grade II, two oligoastrocytomas WHO grade II, one anaplastic oligoastrocytoma WHO Grade III, and seven glioblastomas WHO Grade IV, were used for this study. Samples from subsets of these tumors were used for the individual experiments in this study.
Lyophilization conditions
A Free Zone Triad Freeze Dry System (Labconco, Kansas City, MO, USA) was used to lyophilize brain tumor tissue samples. For primary drying, we subject tissues to a shelf temperature of -50°C for 52 h and a collector temperature of -85°C under vacuum of 0.01-0.02 mBar. For secondary drying, the tissues in this study were subjected to a shelf temperature of ?20°C for 20 h and a collector temperature of -85°C under vacuum of 0.01-0.02 mBar. Under these conditions, tumor samples were dehydrated to a water content of 1-2 % as determined by Karl Fischer titration, a standard method for measuring water content [19] .
Preparation of formalin fixed paraffin embedded (FFPE) blocks
Fresh tumor tissues were fixed in 10 % buffered formalin for 18 h and then subjected to tissue processing in a Sakura Tissue-Tek VIP (Sakura Finetek, Torrance, CA, USA) as follows: (1) 80 % ethanol for 105 min, (2) three treatments of 95 % ethanol for 45, 105, and 45 min, (3) three treatments of 100 % ethanol for 105, 45, and 45 min, (4) three treatments of xylene for 105, 45, and 45 min, (5) four treatments of paraffin for 105, 45, 45, and 45 min at 60°C, and (6) a cleaning cycle consisting of a xylene treatment followed by an alcohol treatment at 40°C. Tissues were then embedded in paraffin blocks.
Storage conditions
Lyophilized tissues were vacuum-sealed in 2 ml amber glass vials and stored in a dark chamber containing 2.5 kg of desiccant (calcium sulfate) while FFPE blocks were stored in cardboard boxes, all at room temperature (21-22°C). Frozen tissue was stored in a -80°C freezer.
DNA, RNA and protein extraction and quality analysis Lyophilized tissue was rehydrated in phosphate buffer solution pH 7.2 at room temperature for 15 min and then homogenized with a handheld grinder (Fisher Scientific, Pittsburgh, PA, USA) for 1 min on ice. Genomic DNA, total RNA and denatured protein from lyophilized or frozen tissue were extracted using the Illustrate TriplePrep Kit (GE Healthcare, Little Chalfont, UK). DNA and total protein from FFPE samples were isolated by using a QIAamp DNA FFPE Tissue Kit and Qproteome FFPE Tissue Extraction Buffer respectively (Qiagen, Hilden, Germany). Total RNA from FFPE samples was extracted with the RNA High Pure FFPE RNA Micro Kit (Roche Diagnostics, Mannheim, Germany). DNA was electrophoresed on 1 % agarose gels (BioRad, Hercules, CA, USA). Total RNA quality was assessed by RNA Integrity Number (RIN) obtained with the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The quality of total protein was evaluated by SDS-PAGE on a 4-20 % Trisglycine gradient gel (Invitrogen, Carlsbad, CA, USA).
Single nucleotide polymorphism analysis 200 ng of DNA from relevant tissue samples were analyzed using the HumanCytoSNP-12 BeadChip (300, 000 SNPs) on an iScan array scanner according to the manufacturer's protocol (Illumina, San Diego, CA, USA) at the Microarray Laboratory, Southern California Genotyping Consortium, UCLA. Copy number variation was determined using the B Allele Freq algorithm of Genome Studio v2010.3.
Sequencing of isocitrate dehydrogenase 1 (IDH1)
Sanger sequencing primers were designed to include the R132 codon within exon 4 of the IDH1 gene. Samples were analyzed using forward 5 0 -GCG TCA AAT GTG CCA CTA TC-3 0 and reverse 5 0 -CA AAA TCA CAT TAT TGC CAA C-3 0 primers to generate a 236 base pair fragment. Purified polymerase chain reaction (PCR) products were sequenced using the BigDye Terminator v1.1 and analyzed on a 3730 sequencer (Applied Biosystems, Foster City, CA, USA).
O-6-Methylguanine-DNA methyltransferase (MGMT) methylation
MGMT methylation analysis was performed by methylation-specific PCR (MSP) according to a previously published protocol with slight modifications [20] . To generate bisulfite modified DNA, genomic DNA was modified with the EZ DNA Methylation-Gold Kit (ZymoResearch, Orange, CA, USA). Samples were subjected to a two-stage nested PCR strategy using: first-stage primers ( to NADH, which then interacts with a chromogen to produce a color. LDH activity was expressed in mU/mg protein, where one unit LDH is the amount of enzyme that catalyzes the conversion of lactate to pyruvate to generate 1.0 lmol to NADH per min at 37°C. In the PK assay, phosphoenolpyruvate and adenosine diphosphate are catalyzed by PK to generate pyruvate and adenosine triphosphate. The pyruvate generated is oxidized by pyruvate oxidase to produce a color. Total protein concentration was estimated with a Micro BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA).
Statistical analysis
Statistical analyses were conducted by a statistician (D.T.). We compared mean yields of lyophilized against fresh frozen tissue for DNA, RNA and protein levels at Time zero using paired two sample t tests. Our comparison of DNA, RNA and Protein yields over time (1 year vs. Time zero) is based on paired t tests. Our comparison of mean PK and LDH activity of lyophilized against frozen tissue is based on independent t tests for differences in mean. Confidence Intervals and P-values for differences in mean yield are computed under the assumption of Gaussian sampling. As we consider a paired design and balanced sample sizes, in the case of independent tests, these quantities are known to be robust to potential violations of sampling model assumptions. In order to compare missing data rates between technologies, we considered independent McNeimar tests of homogeneity. P values for the McNeimar test are based on exact calculations.
Results
DNA, RNA, and protein yields
Wet tumor tissue weighing 30-50 mg was either lyophilized or put in frozen storage at -80°C. To ascertain whether the process of lyophilization affected yield as opposed to loss during long-term storage, tissue samples were analyzed for yield immediately after lyophilization (time zero) and compared to frozen samples (see Online Resource 1). Yields per mg of tissue were calculated using the original weight of wet tissue prior to lyophilization or freezing. DNA, RNA, and protein yields were not statistically significantly different for lyophilized compared to frozen samples (p = 0.09, p = 0.21, p = 0.98 respectively). The yield of DNA, RNA, and protein also did not statistically significantly differ between lyophilized and frozen samples stored for 1 year (p = 0.32, p = 0.91, p = 0.87 respectively).
DNA quality and DNA tests
DNA from all lyophilized samples produced a high molecular weight band on 1 % agarose gels (Fig. 1) . Some lyophilized samples can show mild smearing suggesting DNA fragmentation. In contrast, all tested FFPE samples consistently yielded only smeared DNA without a high molecular weight band. DNA sequencing and Methylationspecific PCR for determination of IDH1 mutations and LGG (P) FFPE low grade glioma, GBM (F) frozen glioblastoma, GBM (L) lyophilized glioblastoma, GBM (P) FFPE glioblastoma MGMT methylation status produced accurate results from lyophilized samples (see Online Resource 2). SNP analysis was used to evaluate chromosomes 7, 10, 19, and 22 q in three brain tumors as they commonly demonstrate copy number variation (CNV) in gliomas or meningiomas [22] [23] [24] [25] . The CNV and loss of heterozygosity (LOH) profiles were highly similar for paired frozen and lyophilized tumors (Fig. 2) . Chromosome 22 q LOH, a well described finding in meningiomas, was identified in the meningioma but not in the gliomas. Chromosome 10 LOH was detected in the glioblastoma as is common. No differences between lyophilized and frozen samples were identified in the SNP profiles for the low grade glioma. In the glioblastoma, CNVs largely matched with only a slight variation for chromosome 7 perhaps due to tumor heterogeneity.
RNA quality and RT-PCR Thirteen brain tumor samples including meningioma, glioblastoma, and other glioma were assessed for RNA (Fig. 3a) . The average difference in RIN scores between lyophilized samples and frozen tissue samples was 26.7 % and was statistically different (n = 13; p = 0.015). Nevertheless, RT-PCR for EGFRvIII, EGFR, GFAP, GAPDH mRNA resulted in similar and distinct bands for paired lyophilized and frozen samples (Fig. 3b) . Mutant EGFRvIII transcripts were detected only in glioblastoma samples as previously reported [26, 27] . Glioblastoma and low grade glioma contained detectable GFAP mRNA by RT-PCR while, as anticipated, meningioma did not.
Protein analysis SDS-PAGE electrophoresis followed by Coomassie blue staining show similar protein band profiles in lyophilized and frozen samples (Fig. 4a) . FFPE protein samples in contrast demonstrate absence of multiple bands and a generalized shift to lower molecular weights. Western blot detection of GFAP and the housekeeping protein GAPDH shows comparable bands for lyophilized and frozen samples (Fig. 4b) . GFAP and GAPDH were relatively weakly detected in FFPE samples. Meningioma which is a nonglial tumor did not show evidence of GFAP expression regardless of mode of storage.
Enzymatic activity assessment
The enzymatic activity of lactate dehydrogenase (LDH) of lyophilized and frozen tissue demonstrated no statistically significant difference for meningioma, low grade glioma, and glioblastoma; p = 0.61, p = 0.81, p = 0.76 respectively (see Online Resource 3A). Similarly, the activity of pyruvate kinase (PK) was not detectably different in frozen or lyophilized meningioma, low grade glioma, and glioblastoma; p = 0.73, p = 0.80, p = 0.79 respectively (see Online Resource 3B). The brain tumor specimens showed a greater degree of LDH activity than for brain tissue as previously reported [28] .
Histology and immunohistochemistry
Microscopic examination of H&E stained-lyophilized tissue after additional FFPE processing showed histology similar to FFPE except that there can be vacuolization that are presumably ice crystallization artifacts (see Online 
Resource 4)
. In lyophilized and other tissue samples, GFAP immunopositivity was present in the low grade glioma and glioblastoma ( Fig. 5d-f, j-l) . In lyophilized and other tissue samples, the meningioma stained for EMA (Fig. 5p-r) .
Immunostaining for Ki-67 was qualitatively similar for lyophilized, frozen, and FFPE tissue. Glioblastoma tissue displays a high Ki-67 labeling index (Fig. 5a-c) whereas the low grade glioma and meningioma have relatively low labeling indices (Fig. 5g-i, m-o) .
Discussion
The number of archived biospecimens in the Unites States has steadily increased to over 600 million [29] . It is not feasible to obtain or store all biospecimens as frozen tissue. In additional to logistical barriers, there are cost constraints. An European study has estimated that 1 year storage of a lyophilized sample costs 3 euros compared to 24 euros at -80°C and 31 euros in LN 2 [30] . Development of room temperature tissue storage that preserves broad analytical utility can increase access of patients to trials and lower the costs for biomedical research. We have demonstrated that lyophilized brain tumor specimens stored at ambient temperature for 1 year can yield DNA, RNA, and protein of good quantity and sufficient quality for a number of current analytical assays. However, our study suggests that, for optimal long term storage, elucidating the basis for low-level nucleic acid degradation will be essential. Causes of the degradation may include humidity, oxygen, lipid peroxidation, light, and elevated temperature [30, 31] . Reactive oxygen species (ROS) are detectable in lyophilized tissue samples and may cause nucleic acid fragmentation [32] . Brain tumor cells may be especially susceptible to lipid peroxidation that generates reactive oxygen species [33] [34] [35] [36] [37] . Antioxidants, dessicants, oxygen absorbers, and other cell stabilizer additives are potential avenues of study. While protein preservation including enzymatic activity appears promising, testing of more immunostains and detailed quantitative comparisons of markers like Ki-67 are also necessary to verify the utility of lyophilized tissue.
